. In this study, we focused 1998). However, genome complexity and the difficulty on one of the genes identified in that screen: ric-8. We show that ric-8 encodes a novel protein, named RIC-8 (synembryn), that is conserved in vertebrates. Through
. In this study, we focused 1998). However, genome complexity and the difficulty on one of the genes identified in that screen: ric-8. We show that ric-8 encodes a novel protein, named RIC-8 (synembryn), that is conserved in vertebrates. Through by the intragenic suppressor mutation md1712, which n ϭ 10 for all other strains.
we identified in a screen for suppressors of ric-8(md303) the ric-8(md1712 md303) strain, in which the phenoThe Drosophila and human genome sequencing projtypes of md303 are suppressed to nearly wild-type levects have each identified one synembryn-related gene els, contains a second missense mutation eight amino (GenBank accesssion numbers AAF46477 and BAA91717, acids upstream from the md303 lesion ( Figure 3B ). respectively). In addition, there is at least one synemSince the rate at which we obtained ric-8 mutations bryn-related gene in both the mouse and human exwas ‫-71ف‬fold lower than the frequency expected for pressed sequence tag (EST) databases. Figure 3A) . The highest homology occurs in a 190 amino RNA derived from a ric-8 cDNA into the gonads of wildacid region near the amino terminus that is 37% identical type animals and examined their progeny for the effects between the C. elegans and mouse proteins. Of the more of RNA interference (RNAi). RNAi is an effective method than 30 synembryn EST sequences in the mouse EST of blocking the production of specific proteins in the C. database, the representation is highest in databases of elegans embryo and in many adult cell types, as well brain, embryo, and mammary gland ESTs (seven cDNAs (Fire et al., 1998) . We observed that a high percentage each); however, synembryn cDNAs were also found in of the progeny of the injected animals exhibited larval other tissues, such as blastocyst and tissues of the phenotypes similar to those seen in ric-8(md303) and immune system (three cDNAs each).
ric-8(md1909) ( Animals were transferred to individual plates 2-6 hr after injection and allowed to lay eggs for 18 hr, after which the injected animals were killed or transferred to fresh plates. The brood laid during the 18 hr period, which showed the greatest effect, was observed at 24 hr intervals for 4 days. Unhatched eggs, Ric-8-like larvae, and wildtype larva were scored at the first 24 hr interval. Control injections using egl-30 dsRNA yielded 2.8% embryonic lethality (n ϭ 176 progeny).
stranded ric-8 RNA resulted in similar or lower levels of embryonic lethality (data not shown). In summary, although this method does not conclusively determine the null phenotype of ric-8, our finding that ric-8 RNAi phenotypes in larvae mimic the mutant phenotypes confirms that the mutant phenotypes are caused by reduction-of-function mutations in ric-8. We also observed that as the Ric-8-like progeny of the RNAi-injected animals developed to adulthood, they gradually lost their Ric-8 phenotypes and eventually resembled wild-type animals. This indicates that the Ric-8-like larvae are not significantly impaired by developmental defects. Since some cell types, including adult neurons, are strongly resistant to RNAi (Nonet, 1999) , this loss of phenotype in the developing animals is likely 
first analyzed the phenotype of double mutant strains
We also analyzed the aldicarb sensitivity and locomotion rate of ric-8(md303) in a background containing containing a loss-of-function mutation in goa-1 and a strong reduction-of-function mutation in ric-8. In a sepathe egl-10 ϩ [nIs51] integrated transgenic array, which overexpresses wild-type EGL-10. EGL-10 is an RGS prorate investigation, we found that GOA-1 and RIC-8 exhibited a strong maternal effect interaction that resulted tein that negatively regulates GOA-1 (Koelle and Horvitz, 1996) . Analogous studies in vertebrates have found that in 95%-100% embryonic lethality for the progeny of goa-1/ϩ; ric-8/ric-8 animals (K. G. (Figstream of, or in conjunction with, EGL-30 (G q ␣) , then ures 5C and 5D). The phenotypes of ric-8 mutants were one should be able to partially or completely bypass the also corrected to greater than wild-type levels by the function of RIC-8 by supplying DAG or phorbol esters. exogenous application of the phorbol ester. The body We therefore examined the effect of increased DAG levposture of ric-8 mutants, which is nearly straight in the els on ric-8 reduction-of-function mutants. We first anaabsence of the drug, became hyperflexive in the preslyzed the phenotype of ric-8; dgk-1 double mutants.
ence of the drug ( Figure 5C ). The phorbol ester also dgk-1 encodes a diacyglycerol kinase (Nurrish et al., improved the locomotion rate of ric-8 mutants from ‫%2ف‬ 1999) and is a component of the G o ␣-G q ␣ signaling netthat of the wild-type rate to levels slightly greater than work in the C. elegans nervous system (Miller et al., 1999; those of wild type ( Figure 5D ).
Nurrish et al., 1999). Diacylglycerol kinases function to
In summary, the striking rescue of strong reductionreduce DAG levels by converting DAG to phosphatidic of-function ric-8 mutant phenotypes by DAG and phoracid (Sakane and Kanoh, 1997). Loss-of-function mutabol esters is consistent with RIC-8 functioning upstream tions in dgk-1 result in strong hypersensitivity to aldicarb of, or in conjunction with, EGL-30 (G q ␣). and hyperactive locomotion, presumably as a result of DAG accumulation in neurons.
We found that the presence of the dgk-1 mutation in RIC-8 Is Present throughout the Nervous System in Juveniles and Adults the ric-8 background caused a striking increase in the aldicarb sensitivity of ric-8 mutants, to the point that A key assumption of our genetic analysis is that RIC-8 functions in the same cells as the other components of they were nearly as hypersensitive as the dgk-1 single mutants were ( Figure 5A ). This result suggests that the G o ␣-G q ␣ signaling network. Previous studies have To obtain the full-length mouse synembryn cDNA sequences, the Genetic Screens and Mapping non full-length mouse cDNA clone (GenBank number AA209749) The isolation of ric-8(md303) as a spontaneous aldicarb-resistant was used to screen a mouse embryonic day 12.5 cDNA library mutant was described previously (Miller et al., 1996) . ric-8(md1909) (Stratagene) and isolate additional clones; 11 clones, all of which was isolated in a similar screen for transposon insertion aldicarbcontained ‫4.2ف‬ kb inserts, were analyzed by restriction analysis and resistant mutants using the mutator strain TR638. In this screen, end sequencing. A single clone (RM545) was then sequenced in 400 independent lines were analyzed ‫000,02ف(‬ animals per line). By entirety on both strands. The presence of a Kozak consensus senoting the frequency of loss-of-function mutations in genes such quence (GCCATGG) (Kozak, 1991) at the first methionine residue as snt-1 and unc-13, we estimate that the two screens together (72 nucleotides from the 5Ј end) suggests that translation begins at represented at least 35-fold coverage of the genome. ric-8(md1712 that methionine. When we screened the mouse EST database with md303) was obtained in a screen for ethyl methanesulfonatethe RM545 sequence, we identified Ͼ30 additional synembryn EST (EMS-) induced suppressors of ric-8(md303) that covered 15,000 sequences, none of which extended significantly beyond the 5Ј end genomes (‫-21ف‬fold coverage of the genome). The md1712 mutation of RM545. The predicted peptide sequence was analyzed using is tightly linked to ric-8(md303) and has not been separated from PSORT II (K. Nakai) to look for subcellular localization signals. The the md303 background. ric-8(md2230) was identified in a noncommouse, C. elegans, and Drosophila synembryn sequences were plementation screen ‫000,02ف(‬ genomes, or ‫-61ف‬fold genome coveraligned using the ClustalW computer program. age) in which EMS-mutagenized N2 males were crossed to ric-8(md1909); dpy-11(e224). Plates were allowed to produce F 1 cross progeny for 2 days, at which point progeny were rinsed off and Molecular Analysis of Mutations In cases in which genomic regions were amplified from ric-8 mutransferred to 0.4 mM aldicarb plates for selection of noncomplementing cross progeny (the dpy-11 mutation causes self progeny tants, populations of mutant animals were processed for PCR using the method of Williams et al. (1992) . to die under these conditions). We do not know if loss-of-function ric-8 alleles are viable in trans to md1909, since deficiencies that Identification of the transposon insertion in md1909 is described above. PCR amplification and sequencing of the genomic fragment overlap with ric-8 are not available. Therefore, we do not know if this noncomplementation screen could have identified loss-ofcontaining the insertion were used to determine the exact site of the insertion. In md303, md1712 md303, and md2230, genomic DNA function ric-8 alleles.
md303 was previously mapped to the interval between lin-1 and containing all ric-8 exons and intron-exon boundaries was amplified using PCR, and all exons and intron-exon boundaries were sedyf-3 on linkage group IV (Miller et al., 1996) . In this study, we further mapped ric-8 to a region close to lin-1, ‫%53ف‬ of the distance quenced. The md2230 allele was the only allele that contained no mutations in ric-8 exons or intron-exon boundaries. It is possible between lin-1 and unc-33. The ric-8(md1909) allele also mapped to the same interval. that this mutant contains an alteration in the promoter region, since we observed that expression of the RIC-8 protein in this mutant Mutants identified in this study were outcrossed at least twice before use in assays or double mutant construction.
was variable and often restricted to a subset of the nervous system.
RNA
Interference buffer (0.3% ethanolamine, 2 mM EDTA, 1 mM phenylmethylsulfonyl T3 and T7 RNA polymerase were used to synthesize double stranded fluoride, 5 mM dithiothreitol, and 1ϫ protease inhibitor mix diluted RNA (dsRNA) from a 1.6 kb ric-8 cDNA clone (RM439) in the pBluefrom 250ϫ stock) in a 1.5 ml screw cap tube. The tube was capped script SKϪ vector as described by Fire et al. (1998) . The clone tightly and microwaved for 25 s on high power. An equal volume of includes the 5Ј two thirds of the ric-8 cDNA. Control dsRNA was 2ϫ Laemmli sample buffer was immediately added, and the tube synthesized from a full-length 1.6 kb egl-30 cDNA clone (LB1).
was placed in a boiling water bath for 7 min. The lysate was then dsRNA was checked and quantified by agarose gel electrophoresis, forced through a 26 gauge needle and spun for 1 min to remove then injected into the gonad syncytia of wild-type worms (Mello et insoluble components; 3.5 l of this preparation was then combined al., 1991). The original DNA template was not removed prior to with Laemmli sample buffer, electrophoresed on an 8% SDS-PAGE injection. Worms were transferred to individual plates 2-6 hr after gel, and blotted to nitrocellulose. Marker proteins were visualized injection and allowed to lay eggs for 18 hr, after which the injected by staining with Ponceau S. Control blots were probed with a 1/150 worms were killed or transferred to fresh plates. The brood laid dilution of the RIC-8 antibody KM1A-5.2 that had been preadsorbed during the 18 hr period, which showed the greatest effect, was to a gel-purified band of recombinant RIC-8 immobilized on nitrocelobserved at 24 hr intervals for 4 days. lulose, as described above. Experimental blots were probed with a mock blocked preparation of KM1A-5.2. Immunoreactive bands RIC-8 Antibodies and Immunostaining were visualized with a horseradish peroxidase-coupled secondary Pfu polymerase (Stratagene) was used to amplify the entire ric-8 antibody using the LumiGLO Substrate kit (Kirkegaard and Perry) coding region, including the natural stop codon. BamHI and XhoI for chemiluminescent detection. sites were incorporated into the primers to facilitate directional inframe cloning into the bacterial expression vector pRSETb (InAldicarb Sensitivity Assays vitrogen). The construct was transformed into the bacterial expresAldicarb sensitivity was quantified by placing a fixed number of L1 sion host BL21(DE3) pLysS, and the HIS6:RIC-8 fusion protein was stage larvae on culture plates containing 0, 10, 25, 50, 100, 200, expressed and then purified under denaturing conditions using Pro-400, 800, or 1600 M aldicarb and allowing them to grow at 20ЊC bond nickel resin.
for 96 hr. Growth was then stopped by putting the plates at 4ЊC. Rabbits were injected with 500 g of fusion protein and boosted
The progeny (eggs and larvae) produced during this period were four times with 500 g each. To affinity purify RIC-8 antibodies, 500 counted on a gridded background, and a percentage of the number g of RIC-8 fusion protein was loaded into preparative wells, run of progeny produced on the no drug control plate was calculated out on 8% SDS-PAGE gels, and blotted to nitrocellulose. The blot for each concentration. The number of L1 larvae plated for the assay was stained with Ponceau S, and the RIC-8 fusion protein band was was chosen so that at least 300 progeny were produced on the no excised and washed for 30 min in blocker (10 mM Tris [pH 8.0], drug control plate. For strains with wild-type fertility and growth 0.05% Tween 20, 150 mM NaCl, 3% nonfat dry milk, and 0.05% rate, three L1s were placed on each plate in the series; for strains sodium azide). The blocking solution was then removed, and 3 ml with decreased fertility or growth rate, correspondingly more L1s of serum was incubated with the RIC-8 protein on the nitrocellulose were placed on each plate. strips for 1 hr. The serum was removed, and the strips were rinsed with TBST (10 mM Tris [pH 8.0], 0.05% Tween 20, and 150 mM Locomotion Assays NaCl), followed by 3 ϫ 5 min washes in TBST. Antibodies were Standard locomotion assays were performed as previously deeluted from the strips using 4 ml of glycine elution buffer (100 mM scribed (Miller et al., 1999). To assay locomotion rate in the presence glycine, 0.01% bovine serum albumin, 0.05% Tween 20 [pH 2.5]), of phorbol esters, phorbol myristate acetate (RBI; 5 mg/ml in ethanol) followed by neutralization in 400 l 1 of 1 M Tris [pH 8.0], then a was added to a concentration of 10 M to molten 55ЊC media. After second elution with 4 ml 50 mM triethylamine (pH 11.5), followed cooling, plates were then spread with 35 l of a fresh overnight by neutralization in 400 l of 1 M Tris (pH 7.0). The eluates were culture of OP-50 bacteria and incubated for 40 hr at room temperacombined and dialyzed against 1ϫ PBS. ture to grow a thin lawn of bacteria. Control plates contained the Control preparations of this antibody were prepared as follows.
ethanol carrier but no drug. Plates were loaded with young adult His-6-tagged recombinant RIC-8 was purified using the Probond worms at staggered intervals and assayed at a fixed time after nickel resin and then further purified and immobilized by SDS-PAGE loading by counting body bends (as described for the standard electrophoresis and blotting to nitrocellulose. Nitrocellulose strips containing the RIC-8 protein band were excised, incubated in assay) for a 6 min period. Worms were counted at the point at blocker, and then incubated with the affinity-purified RIC-8 antibody which they reached maximal activity after loading them on the plates KM1A-5.2. A mock blocked antibody was prepared in an identical (usually ‫57ف‬ min, but this time is variable from experiment to expermanner except that the antibody was incubated with blocked nitroiment). cellulose strips containing no RIC-8 protein. In another control preparation, the affinity-purified antibody was adsorbed to nitrocellulose Video Production strips containing a large excess of gel-purified His-6-tagged recomAnimals were placed on agar plates containing thin bacterial lawns binant EGL-30. This fusion protein contains identical vector-contriband videotaped using a Sony CCD-IRIS black-and-white video camuted amino acid sequences but otherwise has no homology to RIC-8. era mounted on a Wild MPS 46 dissecting scope. The video was The RIC-8 staining pattern was unchanged by this procedure. transferred to a computer using the Rainbow Runner G-Series video Whole mounts of C. elegans for antibody staining were prepared capture card and edited with Ulead's Media Studio Pro 5.0 software. as previously described, using methanol/acetone fixation (Duerr et al., 1999) . Affinity-purified anti-RIC-8 antibodies (KM1A-5.2) were Acknowledgments used at a 1/150 dilution and were incubated with specimens for 16 hr at room temperature. In double staining experiments, a mixture We thank Henri van Luenen for providing protocols and advice conof anti-CHA-1 mouse monoclonal antibodies was also included (gift cerning the transposon display method; Paul Sternberg, and Yvonne of Janet Duerr). Secondary antibodies (adsorbed against 4% formHajdu-Cronin for providing dgk-1(sy428) and for communicating realdehyde-fixed worms to remove antibodies to nematode proteins) sults prior to publication; Janet Duerr for assistance with confocal were donkey anti-rabbit (Jackson Immunoresearch) 
